Abstract: This paper describes the development and results of a finite element parametric study of eccentrically braced frame links having hollow rectangular cross sections ͑i.e., tubular links͒. The parametric study involves over 200 combinations of geometries and properties and is divided into two parts. Part A considers a wide range of compactness ratios and link lengths to determine appropriate compactness ratio limits such that links with tubular cross sections can achieve desired rotation levels prior to significant strength degradation from local buckling. Part B of the study involves models developed with flange compactness ratios, web compactness ratios, and stiffener spacings near the proposed design limits from Part A, and also examines links having webs and flanges with different yield stresses ͑i.e., hybrid links͒. Results of the parametric study are also used to investigate the adequacy of a method for approximating link overstrength. A companion paper describes the experimental verification of the proposed design requirements.
Introduction
Eccentrically braced frames ͑EBFs͒, which rely on yielding of a link beam between braces, have been shown to provide ductility and energy dissipation under seismic loading ͑Roeder and Popov 1978a,b; Popov and Bertero 1980; Hjelmstad and Popov 1983; Malley and Popov 1984; Kasai and Popov 1986a,b; Ricles and Popov 1989; Engelhardt and Popov 1992 , among others͒. Guidelines for EBF design with links having wide-flange ͑WF͒ cross sections are in the current AISC seismic provisions ͑AISC 2005͒. However, the use of WF shapes as link beams necessitates that they be braced out-of-plane to prevent lateral torsional buckling. This requirement has limited their use in bridge piers where lateral bracing is difficult to provide.
There have been some applications of EBFs with built-up I-shaped links in bridge piers for long span bridges such as the San Francisco-Oakland Bay Bridge and the Richmond-San Rafael Bridge ͑Dusicka et al. 2002; Itani 1997͒ . In these cases, either very short links were used or special considerations for link stability were made, which may have increased the cost of the projects. Therefore, the development of a link type that does not require lateral bracing is desirable for application of EBFs in bridge piers. Such self-stabilizing links would also be useful in buildings where lateral bracing may not be feasible or easily provided, such as in an elevator core area where floor framing is not present. Further, the design of EBFs to protect existing bridge pier bracing members may be employed using the approach in Berman and Bruneau ͑2005b͒, or EBF systems may be used to replace existing deficient pier brace systems.
A proof-of-concept EBF having a link with a tubular cross section and no lateral bracing has been tested and shown to possess ductility and rotation capacity similar to that of WF links ͑Berman and Bruneau 2007͒. Tubular cross sections, such as the general one shown in Fig. 1 , have substantial torsional stability, making them less susceptible to lateral torsional buckling, thereby reducing or eliminating the need for lateral bracing. On the strength of this successful proof-of-concept test, it is desirable to develop design recommendations for tubular cross sections employed in this application. Of primary importance is the development of limit compactness ratios for the webs and flanges as well as minimum stiffener requirements such that links can achieve desired rotation levels prior to strength degradation from local buckling. It is also important to characterize the expected overstrength of tubular links with various cross-sectional properties so that capacity design of surrounding framing may be achieved. Further, as tubular links may be built-up or hybrid cross sections consisting of webs and flanges with differing thicknesses and yield strengths, the proposed compactness ratio limits must be applicable for a range of yield stresses. Note that built-up sections are considered because the longest shear link possible with a common HSS is 457 mm ͑Berman and Bruneau 2005a͒. This is a rather short length and will result in large rotation demands at design frame drift levels. Therefore, built-up tubular links are likely necessary and are the subject of this research.
This paper describes a finite element parametric study, aimed at determining limiting compactness ratios for EBF links having tubular cross sections, involving over 200 combinations of geometries and material properties. First, a finite element model of the link from proof-of-concept testing in Berman and Bruneau ͑2007͒ is briefly discussed as this is the base model for the parametric study. Following this, the parametric study is presented in two parts. Part A considers a wide range of compactness ratios and link lengths to develop proposed design requirements. Part B of the study involves models developed with flange compactness ratios, web compactness ratios, and stiffener spacings near the proposed design limits, and also examines links having webs and flanges with different yield stresses ͑i.e., hybrid links͒. Results from both parts of the study are also used to adapt a link overstrength formulation by Richards ͑2004͒ for WF links to links having tubular cross sections. The companion paper, Berman and Bruneau ͑2007b͒, describes the experimental verification of the proposed design requirements using 14 different test specimens.
It is important to note that this parametric study parallels a similar analytical study of the effect of flange width-to-thickness ratio on WF EBF link rotation capacity by Richards and Uang ͑2005͒, which also considered experimental data from Okazaki et al. ͑2005, 2006͒. As discussed herein, similar analytical models and failure criteria are chosen for the current study for the purpose of maintaining consistency such that implementation of links with tubular cross sections may be efficiently achieved.
Finite-Element Modeling of Proof-of-Concept Link
A finite element model of the link from the EBF proof-of-concept testing reported on in Berman and Bruneau ͑2007͒ was developed using the software package ABAQUS ͑HKS 2001͒. This model was developed using four-node reduced integration shell elements and employed nonlinear material and geometry. The details of the tested link are shown in Figs. 2 and 3 and the link sustained a full-cycle at a maximum rotation of 0.123 rad, over 50% more than the maximum rotation of 0.08 rad allowed for design of shear links with WF cross sections.
The material model selected had only kinematic hardening, i.e., it neglected the isotropic hardening component which is acceptable for steel at large strains ͑Berman and Bruneau 2006͒, and was based on cyclic coupon test results of the web and flange material. The boundary conditions used are shown in Fig. 4 and were the same boundary conditions used by Richards and Uang ͑2005͒ in their study of WF links. These boundary conditions ensure that equal link end moments are obtained and also prevent the development of link axial force. Loading was applied as a vertical displacement at the right end of the link and the rotation history from the link of the proof-of-concept test was used, which complied with ATC-24 ͑ATC 1992͒. This loading protocol was selected for the proof-of-concept test because system behavior, rather than just link behavior, was being explored. The ATC-24 protocol is based on a system yield displacement as opposed to a link rotation and therefore seemed to be the appropriate protocol for this test. A mesh refinement study was performed to determine the adequate mesh density for the finite elements. A comparison of the simulated and experimentally obtained link deformed shapes are shown in Fig. 5 for the final mesh, which had element width-to-thickness ratios in the range of 1.6-3.5. Comparing the link shear force versus rotation hysteresis curves in Fig. 6 shows reasonable agreement with the experimental results. Note that residual stresses were not considered in the modeling, although they should only effect the initial yielding.
Finite-Element Parametric Study
Using the finite element model of the link from the proof-ofconcept test as a basis, a parametric study of tubular links was performed. The parametric study consisted of two parts: Part A investigated links with a wide range of web and flange compactness ratios to assess the adequacy of the derived flange compactness ratio limit and stiffener spacing equation from Berman and Bruneau ͑2007͒, and the results are used to modify those local 
where F yw , t w , and d = web yield strength, web thickness, and web depth, respectively, and F yf , t f , and b = flange yield strength, flange width, and flange thickness, respectively.
Parametric Study Part A: Setup
Four parameters were used to develop the links in Part A of the parametric study: normalized link length, , flange compactness ratio, bЈ / t f ͑where bЈ = b −2t w ͒, web compactness ratio, dЈ / t w ͑where dЈ = d −2t f ͒, and stiffener spacing, a. A total of 64 stiffened and 64 unstiffened links with various cross sections and lengths were analyzed, as described in the following. Note that web and flange thicknesses of 8 and 18 mm, respectively, were used for all models and the web and flange widths were varied to give the selected compactness ratios. For the purpose of nomenclature, links will be labeled using S or N ͑for stiffened or unstiffened͒ followed by the numerical values for the parameters bЈ / t f , dЈ / t w , and . For example, the name N-8-12-1.6 refers to an unstiffened link with a flange compactness of 8, web compactness of 12, and normalized length of 1.6. Three normalized link lengths representing shear, intermediate, and flexural links were selected, namely, = 1.2, 2.1, and 3.0, as they represent evenly spaced values of normalized link lengths well within all three ranges of expected behavior ͑delineated by the transition points of = 1.6 and = 2.6 as indicated earlier͒. In addition, the length = 1.6 was selected to verify that the proposed design rules work at this important transition length. The target plastic rotations, ␥ t , for the links considered are 0.08 rad for = 1.2 and 1.6, and 0.05 and 0.02 rad for links with = 2.1 and 3.0, respectively. These target rotations are the maximum rotations allowed for WF links in the AISC Seismic Provisions.
Flange compactness ratios were selected so that the applicability of the derived limit from Berman and Bruneau ͑2007a͒ and the limit in the AISC Seismic Provisions for tubular sections used as brace members could be evaluated. The limit from Berman and Bruneau ͑2007a͒ is
where E s = modulus of elasticity for steel and F yf = flange yield strength. The AISC limit for tubular cross sections is
͑5͒
For F yf = 345 MPa and E s =2ϫ 10 5 MPa, which are the values used in the Part A models ͑see the following͒, the flange compactness ratio limit from Berman and Bruneau is 24.5 and the AISC limit is 15.4. It is also desirable to have information on links with relatively stocky and slender flanges to examine the effect of link overstrength and the general effect of flange compactness on link behavior. Therefore, flange compactness ratios of 8.0, 17.0, 24.0, and 40.0 were selected, the first being well below both limits, the second near the AISC limit, the third near the derived limit, and the fourth well above both limits.
Limits for webs of HSS shapes in the AISC seismic provisions are the same as those for the flanges, i.e., dЈ / t w ഛ 0.64 ͱ E s / F yw .
However, this limit was found for HSS sections in compression, and larger compactness ratios may be possible here as the link webs yield in shear and may have stiffeners. Therefore, webs compactness ratios below and well above that limit were selected and both stiffened and unstiffened cases were considered. The web compactness ratios selected were 12.0, 16.0, 24.0, and 36.0. For links with stiffeners, the stiffener spacing was selected to satisfy the equation for tubular links as derived in Berman and Bruneau ͑2007͒ a t w + 1 8
where C B = 20 and 37 for ultimate link rotations of 0.08 and 0.02 rad, respectively. Note that for a web compactness ratio of 36, the required stiffener spacing, a, found from the proposed stiffener spacing equation is 0.43 times the web depth d, which is near a practical lower bound on stiffener spacing. When rounding of the stiffener spacing obtained from Eq. ͑6͒ was necessary to conform with the element mesh, it was done such that the spacing at the link ends was always greater than the result from Eq. ͑6͒ to ensure conservative results. Stiffener widths and thicknesses were selected according to the requirements derived in Berman and Bruneau ͑2007͒.
As mentioned earlier, all link models in Part A of the parametric study had web and flange thicknesses of 8 and 16 mm, respectively. Using these thicknesses, the above-discussed compactness ratios, and nominal yield stresses and modulii of elasticity for both the webs and flanges of 345 MPa and 2 ϫ 10 5 MPa, respectively, the link cross-section dimensions given in Table 1 were calculated. The resulting cross-section aspect ratios, b / d, are shown in Table 2 . Note that all link models had element width-to-thickness ratios comparable to that used for the final mesh refinement of the proof-of-concept link model as shown in Table 1 .
Two differences between the link models of the parametric study and the model of the proof-of-concept link were used, namely, the input data for the material model and the loading history. The material data used as input for the kinematic hardening material model for the links of Part A of the finite element parametric study are shown as the solid true stress versus true strain curve in Fig. 7 . These data differ from that used in the model of the proof-of-concept link, which was based on coupon test results for that link's steel. The data used in the parametric study are based on cyclic coupon test results for A572 Grade 50 steel from Kaufmann et al. ͑2001͒. The loading history used for the parametric study links was that given for link testing in the 2002 AISC Seismic Design Provisions for Steel Buildings ͑AISC 2002͒, which specifies three cycles at each total link rotation level of 0.0025, 0.005, and 0.01 rad, followed by two cycles at 0.01 rad increments up to the maximum code specified rotation. However, for the current research purposes, loading was continued with two cycles at 0.01 rad increments up to 0.2 rad of total rotation or convergence failure due to very large buckling displacements, whichever happened first. Note that a revision to this loading For the purpose of this parametric study, the limit plastic rotation, ␥ lim , is defined as the inelastic rotation at which the backbone curve of the link shear force hysteresis drops below 80% of the maximum link shear force obtained for a given link. This definition is selected because it represents a negligible degradation so that a bilinear approximation may be used in practice and it is also consistent with what has been done for WF links. The procedure used here to determine the limit rotation is similar to that used by Richards and Uang ͑2005͒ in their study of overstrength and rotation capacity of WF links and can be described as follows.
First, the normalized link shear force versus plastic rotation hysteresis curve was calculated using MATLAB ͑Math Works 1999͒ and the results from ABAQUS. For each link, the initial stiffness, k li , was determined by fitting a line through the first three points of the link shear versus total rotation hysteresis curve. The plastic rotation at any point in the load history, ␥ p , is then determined from
where ␥ t = total rotation and V l = link shear. The shear force, V l , is then normalized by the maximum link shear, V l max , obtained for each link. From the normalized link shear versus plastic rotation hysteresis, the backbone curve is constructed and a simple search algorithm is used to find the limit plastic rotation, ␥ p lim , where the link shear force drops below 80% of the maximum. This limit is selected because it has been used in other similar studies regarding plastic rotation capacity since its recommendation in SAC ͑1997͒. An example is shown in Fig. 8 for an unstiffened link with flange and web compactness ratios of 24 and a normalized link length of 2.1, for which the limit plastic rotation was found to be 0.0325 rad. Note that in the companion paper, Berman and Bruneau ͑2008͒, only one of the links tested suffered severe local buckling and corresponding strength degradation prior to fracture as shown in Fig. 8 . Therefore, severe local buckling in the analytical models has only been verified for that single data point, for which the analytically obtained hysteresis shape, energy dissipation, and limit plastic rotation are shown to agree favorably with experimental results ͑Berman and Bruneau 2008͒. Further, the study by Richards and Uang ͑2005͒ used similar shell element models of WF links and their results were shown to agree favorably with test results from Okazaki et al. ͑2005͒.
Parametric Study Part A: Results
The limit plastic rotation obtained for the link analyses in Part A of the parametric study are given in Table 3 . Recall that no attempt to model fracture was made and therefore some of the links that have large limit plastic rotations might, in practice, fracture prior to reaching those plastic rotations. For example, the proofof-concept specimen fractured at a total rotation of 0.15 rad yet the finite element results for that specimen would indicate that a plastic rotation greater than 0.2 rad could be achieved prior to strength degradation from buckling.
Several observations can be made regarding the effect of stiffeners and web compactness on a link's ability to reach the target rotation by plotting the data from Table 3 as a function of normalized link length for links with bЈ / t f ഛ 17.0 and grouping results in terms of dЈ / t w values, as shown in Figs. 9͑a and b͒. For reference, these figures also have a solid line indicating the AISC specified maximum rotation ͑also referred to as the target rotation͒. First, it appears that links with dЈ / t w ഛ 16.0 and bЈ / t f ഛ 17.0 can achieve their target rotation without stiffeners. These are shown as the squares ͑dЈ / t w = 12.0͒ and circles ͑dЈ / t w = 16.0͒ of Fig. 9͑a͒ . It was shown by Berman and Bruneau ͑2005a͒ that the theoretical stiffener spacing equation, for which Eq. ͑6͒ is a convenient approximation, indicates that no stiffeners would be required for webs with compactness ratios of less than 17.0 ͑the current AISC compactness limit is 15.4 for rectangular HSS with F yw = 345 MPa͒. Therefore, the results of the analyses seem to validate this prediction, as long as the flange compactness ratio is also kept less than or equal to 17.0. There are three exceptions to this, namely, N-17-16-1.6, N-17-12-2.1, and N-17-16-2.1, which are discussed further in the following. The results in Table 3 also indicate that stiffeners were effective in helping shear links with web compactness ratios up to 36.0 and flange compactness ratios less than or equal to 17.0 achieve the target rotation. For instance, the limit plastic rotation for S-17-36-1.2 was 0.195 rad and the hysteresis was full and stable as shown in Fig. 10͑a͒ , whereas without stiffeners the limit plastic rotation for that same link ͑N-17-36-1.2͒ was 0.033 rad and the hysteresis showed rapid strength degradation following web buckling at small plastic rotations as shown in Fig. 10͑b͒ . This is demonstrated further in Figs. 9͑a and b͒. Note that the web compactness of 36.0 corresponds to dЈ / t w = 1.50 ͱ E s / F yw with F yw = 345 MPa and E s =2ϫ 10 5 MPa, which will be used later to develop dimensionless compactness limits.
For intermediate and flexural links, there was little difference in limit plastic rotation obtained between stiffened and unstiffened links because flange buckling occurred between stiffeners. N-8-36-2.1 was the only intermediate link for which the addition of stiffeners was found to help it reach and exceed the target rotation. As this link had a low flange compactness ratio and high web compactness ratio, web buckling was the trigger for strength degradation. When stiffeners were added, web buckling ͑and the corresponding strength degradation due to web buckling͒ was delayed and the link achieved a 0.076 rad rotation prior to a 20% strength degradation that was initiated by flange buckling. For the other intermediate and flexural links considered, flange buckling was the trigger for strength degradation and the addition of stiffeners did not effectively delay this buckling mode. However, intermediate and flexural links with a given value of flange compactness exhibited decreasing limit plastic rotations with increasing web compactness ratios, indicating that the stabilizing effect of the web against flange buckling decreases with increasing web compactness ratios. From the cases considered, it also appears that flexural links with web compactness up to 36.0 can reach their target rotation as long as the flange compactness is less than or equal to 24.0.
Figs. 11͑a and b͒ show limit plastic rotation versus link length for stiffened and unstiffened links, respectively, both with bЈ / t f Ͼ 17.0. When comparing these with Figs. 9͑a and b͒, which showed the same information for links with bЈ / t f ഛ 17.0, it is observed that many links with larger flange compactness ratios did not achieve their target rotation. Comparing Figs. 11͑a and b͒ with Figs. 9͑a and b͒ also shows that stiffeners improved the rotation capacity of all shear links, however, only for links with bЈ / t f ഛ 17.0 was that improvement enough to reach the target rotation of 0.08 rad for both = 1.2 and 1.6. Additionally, only stiffened shear links with = 1.2 were able to consistently meet their target rotation when bЈ / t f Ͼ 17.0. At the transition length from shear to intermediate links, = 1.6, and at the intermediate length of = 2.1, no links with bЈ / t f Ͼ 17.0 achieved the target rotation, even when stiffened. Further, proving stiffeners for links where flange buckling was critical ͑i.e., links with ജ2.1 and bЈ / t f Ͼ 17.0͒ appeared to have little effect on flange buckling, as seen by examining unstiffened sections with bЈ / t f Ͼ 17.0, which had similar limit plastic rotations to those same sections with stiffeners. Therefore, stiffeners need not be connected to the flange as long as bЈ / t f ഛ 17.0. The three unstiffened links, namely, N-17-12-2.1, N-17-16-1.6, and N-17-16-2.1, that had bЈ / t f ഛ 17.0 along with bЈ / t w ഛ 16.0 and did not reach their target rotation were investigated in more detail. Flange buckling was the trigger for strength degradation and they all came to within 3% of their target rotations, which could be considered insignificant for engineering purposes. However, for completeness, as the AISC limit for flange compactness is actually 15.4 for F yf = 345 MPa ͑50 ksi͒ and a value of 17.0 had been used to develop the models, these three links were reanalyzed with a modified flange thickness corresponding to a flange compactness of 15.9 ͑a value slightly larger than 15.4 was selected to be conservative͒. The limit plastic rotations for these modified links were found to be 0.051, 0.083, and 0.050 rad, respectively, which are greater than or equal to their target rotations.
Design Recommendations
Based on the results of Part A of the finite element parametric study and the above-presented discussion, recommended compactness ratio limits for tubular links are given and compared to AISC limits for rectangular HSS shapes and the limits derived in Berman and Bruneau ͑2007͒, which were summarized at the beginning of this paper. This comparison of compactness ratio limits is shown in Table 4 . Note that the recommended stiffened web compactness ratio limit for shear links based on the parametric study results is 1.67 ͱ E s / F yw . In Part A of the parametric study a web yield stress of 345 MPa and dЈ / t w of 36 were used. This dЈ / t w value was determined based on limiting the minimum stiffener spacing, a, to approximately 0.4dЈ, considered to be a practical minimum. Substituting this stiffener spacing into Eq. ͑6͒ with C B = 20, which is the value for shear links with an anticipated rotation of 0.08 rad, gives the dЈ / t w value of 36. The web compactness ratio that corresponds to this yield strength and dЈ / t w value is 1.50 ͱ E s / F yw . The larger value of 1.67 ͱ E s / F yw recommended in Table 4 has been determined from ancillary models not presented here that considered a web yield stress of 1.25 times the 345 MPa yield stress used in Part A. These case studies revealed that stiffened shear links with this web compactness ratio and web yield stress could achieve their target rotation. Part B of the parametric study will focus on investigating the appropriateness of the proposed limit for various steel yield strengths.
It is also recommended, based on the results of Part A of the parametric study, that web compactness ratios for intermediate It was also observed in Part A of the study that all flexural links with flange compactness ratios less than or equal to 24.0, for any of the four web compactness ratios considered, achieved their target rotation. As a result, the limit flange compactness ratio for flexural links could be increased to 1.00 ͱ E s / F yf . However, for simplicity, and because they are not commonly used, the compactness ratio requirements for flexural links are recommended to be the same as those for shear and intermediate links, namely, 0.64 ͱ E s / F yf . Further, it appears that stiffening the flange has no consequential effect on the maximum rotation capacity of links where flange buckling controls, so web only stiffeners where required are adequate. Finally, as mentioned earlier, it may be possible to allow larger flange compactness ratios for shear and intermediate links if the limit plastic rotation was made a function of both the link length and flange compactness ratio. The corresponding recommended rotation limits if one considered using such an with increased complexity are presented by Berman and Bruneau ͑2006͒. These are not included in the proposed design requirements here for simplicity and to keep the proposed requirements for rectangular links similar to the current requirements for WF links.
Parametric Study Part B: Setup
As tubular links may be fabricated with four plates welded together, hybrid cross sections where the yield stresses of the webs and flanges are different could be used advantageously. Further, the increased use of low yield point and high performance steels indicates a practical need for verifying the revised design requirements for a range of possible yield stresses. Part B of the finite element parametric study will therefore investigate tubular links with cross-sectional properties near the revised limits of Table 4 while also incorporating different yield stresses for both the webs and flanges.
Three yield stresses are considered for this part of the study, namely, 250 MPa ͑36 ksi͒, 345 MPa ͑50 ksi͒, and 450 MPa ͑65 ksi͒ as these are representative of some of the steels currently available. True stress versus true strain curves for the material models are shown in Fig. 7 . The same normalized link lengths used in Part A of the study were used in Part B ͑i.e., values of 1.2, 1.6, 2.1, and 3.0͒. Link web and flange compactness ratios for Part B of the parametric study were within 1% of the revised limits from Table 4 . All links had flange compactness ratios near 0.64 ͱ E s / F yf and links with web compactness ratios near both 0.64 ͱ E s / F yw and 1.67 ͱ E s / F yw were considered. Links with the larger we compactness ratio were stiffened according to Eq. ͑6͒. For completeness, intermediate and flexural links with the larger web compactness ratio were developed, although these are outside the proposed design requirements. All combinations of parameters ͑i.e., 4 normalized lengths, 3 web yield stresses, 3 flange yield stresses, and 2 web compactness ratios͒ were considered, resulting in 72 links in Part B of the parametric study.
Parametric Study Part B: Results
Figs. 12͑a and b͒ show limit plastic rotation versus link length for unstiffened links ͑those with web compactness near 0.64 ͱ E s / F yw ͒ and stiffened links ͑those with web compactness near 1.67 ͱ E s / F yw ͒, respectively, both grouped by web yield stress.
As shown in Figs. 12͑a and b͒ all unstiffened links ͑i.e., those with web compactness near 0.64 ͱ E s / F yw ͒ reached their target rotations, and all stiffened links, except some at the intermediate length of 2.1, reached their target rotations. The links that did not reach their target rotation in Fig. 12͑b͒ are intermediate links that do not satisfy the proposed design requirements. These links were included for comparison purposes, and have the stiffened webs with a compactness ratio near 1.67 ͱ E s / F yw , which is only allowed for shear links. Therefore, as all Part B links that satisfied the proposed design requirements met their target rotations, these requirements appear to be satisfactory for the range of web and flange yield strengths considered.
Overstrength of Tubular Links
Determination of the maximum shear force a link can deliver is necessary to ensure capacity design of surrounding framing. Richards ͑2004͒ observed that as WF links get shorter the flanges begin to share some of the applied shear. This results in ultimate shear strengths exceeding what would be expected considering only strain hardening. Therefore, they derived a method for approximating the ultimate shear strength of WF links that depends on the web plastic shear, the shear resisted by the flanges, and the normalized link length. In Berman and Bruneau ͑2005a͒, that method was modified to be applicable to links with tubular cross sections.
Richards ͑2004͒ presented the ultimate link shear strength in the form:
where V pt = total plastic shear force ͑considering the flange shear as appropriate͒; ⍀ = cyclic hardening factor defined in the following; and R y = ratio of mean to nominal material yield stress as given in AISC Seismic Provisions. The shear carried by the flanges of a tubular link, V f , can be found from ͑Berman and Bruneau 2005a͒
and the total plastic shear force, V pt , is
Note that Eq. ͑9͒ assumes that the webs and flanges have the same yield strength, F y , and that if the web and flange yield strengths do differ, an average value may be used. Richards then suggests that the cyclic hardening parameter, ⍀, should vary with link length as ⍀ = 1.44, ഛ 1.6 ⍀ = 1.44 − 0.4͑ − 1.6͒, 1.6 Ͻ ഛ 2.6
where the 2.7 value in the last expression in Eq. ͑11͒ is found by assuming that the maximum moment that can develop is 1.35M p ͑less than the 1.44 used for shear links due to flange buckling limiting the strength of flexural links and the fact that stiffeners do not prevent this failure mode͒ and employing the link shearmoment relationship for flexural links ͑V =2M p / e͒.
Figs. 13͑a and b͒ show the ultimate link shear obtained in the finite element analyses of Part A links normalized by V ull as defined earlier, versus normalized link length for unstiffened and stiffened links, respectively. The solid line in Figs. 13͑a and b͒ indicates the curve for the cyclic hardening factor as given by Eq. ͑11͒ multiplied by an R y value of 1.1 ͑appropriate for the A572 Grade 50 steel considered here͒. It appears that the overstrength equations proposed by Richards ͑2004͒ for WF links and modified in Berman and Bruneau ͑2005a͒ for application to tubular links, adequately estimates the ultimate link shear force ͑from which the maximum link end moment may be found͒. Similar agreement with the results from Part B of the parametric study was observed ͑Berman and Bruneau 2006͒. This procedure seems to provide a more uniform level of safety relative to a single valued overstrength factor, in terms of capacity protection of structural members outside the link, for all link lengths and yielding types. The points at small normalized link lengths that are above this proposed overstrength may suffer flange fracture prior to reaching the large overstrengths obtained from the finite element analyses, but further investigation of this is necessary before further changes are considered to address these extremes. Overstrength will be experimentally investigated in the companion paper ͑Berman and Bruneau 2008͒ to assess whether the results predicted here for the cyclic hardening factor applicable to rectangular links are appropriate.
Conclusions
A finite element parametric study consisting of over 200 models of EBF links with tubular cross sections has been conducted. The study investigated a wide range of link geometries and properties, including web and flange compactness ratios, the presence of web stiffeners, link length, and web and flange yield strength. Results of the parametric study lead to the following recommendations for compactness ratio limits for tubular cross sections used as links in EBFs, which are also shown graphically in a design space in Fig. 14 Analysis results indicate that if these compactness ratio recommendations are satisfied, tubular links will be able to achieve the maximum rotation levels in the AISC Seismic Provisions for links with WF cross sections. This conclusion was also verified by analyses for tubular links with webs and flanges having different yield strengths, in the range of 250-450 MPa. Additionally, a procedure for determining the ultimate strength of tubular links, based on a similar procedure derived by others for WF links, was shown to reasonably approximate the overstrength of the tubular links considered in the analyses. A companion paper, Berman and Bruneau ͑2008͒, describes the results of an experimental program to verify the above-presented design recommendations. Addi- 
